The COHERENT collaboration measured coherent elastic neutrino-nucleus scattering (CEvNS) for the first time at the Spallation Neutron Source at Oak Ridge National Laboratory, using a CsI[Na] detector [1]. Here we discuss the nature of the CEvNS process, physics motivations, and experimental considerations for measuring CEvNS. We describe the CsI[Na] measurement, along with status and future of COHERENT.
Introduction: CEvNS
The neutral-current (NC) coherent elastic neutrino-nucleus scattering (CEvNS) process results when a neutrino interacts with a nucleus via exchange of a Z boson, and the nucleus recoils as a whole. The process dominates for medium-A nuclei for neutrino energies less than about 50 MeV. The coherence condition corresponds to target nucleons in phase with each other at low momentum transfer, Q, for QR << 1, where R is the size of the nucleus. The hallmark relation for a coherent interaction is that the total cross section scales as the square of the number of constituents times the single constituent cross section. 1 .
The existence of CEvNS was first proposed 43 years ago [3] , and its detection was called an "act of hubris" due to "grave experimental difficulties." The cross section has a straightforward Standard-Model (SM) prediction [4] :
MT E 2 ν (1.1)
where G F is the Fermi constant, M is the nuclear mass, T is the recoil energy, E ν neutrino energy, g n,p
V and g n,p
A are the SM vector and axial-vector coupling factors, respectively, for protons and neutrons, Z and N are the proton and neutron numbers, Z ± and N ± refer to the number of up or down nucleons, and Q is the momentum transfer [5] .
The vector contribution dominates strongly for most nuclei; because the axial contributions depend on unpaired nucleons, for which numbers are typically much smaller than total numbers of nucleons, axial contributions are small, and they are zero for spin-zero nuclei.
The form factor F(Q) encapsulates information about the nucleon distributions. It suppresses the cross section at large Q. Form factors are known to ∼5% or better.
Neglecting axial terms and for T << E ν , the differential recoil spectrum is approximately given by
The event rate is proportional to the weak nuclear charge,
Since sin 2 θ W = 0.231 is close to 1/4, the contribution from the protons in the nucleus, proportional to Z, is unimportant compared to the N contribution. Therefore, dσ dT ∝ N 2 . Fig. 1 illustrates this N 2 dependence, along with the form-factor suppression. A measurement in multiple nuclear isotopes showing the expected N 2 dependence will confirm this expected property of the CEvNS interaction. Thanks to the N 2 enhancement of the cross section, the cross section is relatively larger than other charged-current (CC) and NC interactions in this energy range: see Fig. 1 . One might ask then why experimental difficulties are so grave [3] . The reason is kinematics-the nuclear recoil energies are tiny. For example, for a 30-MeV neutrino, the maximum recoil energy for CEvNS with Ge is ∼ 2E 2 ν /M, which is only about 25 keV, and well below the threshold of conventional Figure 1 : Left: Illustration of the ∝ N 2 proportionality of the stopped-pion-neutrino flux-averaged CEvNS cross section versus neutron number N. The black line assumes a unity form-factor. The green band shows the effect of an assumed Helm form factor [6] with its width indicating the effect of a ±3% uncertainty on the assumed neutron rms radius. The points show the the relevant isotopes of COHERENT target materials. The blue square shows the flux-averaged cross section inferred from the measurement reported in Ref [1] . Right: Neutrino interaction cross sections per target as a function of neutrino energy for COHERENT target materials, as well as NIN cross sections on lead. Also shown are inverse beta decay ofν e on free protons (IBD), and elastic scattering of ν e on electrons (per electron).
neutrino detectors. The only experimental signature that a CEvNS interaction has occurred is the tiny energy deposited by the nuclear recoil in the target material. Fortunately, since the publication of [3] , there has been much development of low-energy recoil detectors, motivated to large degree by the search for weakly interacting massive particles (WIMPs).
Physics Motivation
Several motivations for a CEvNS measurement are listed below, with example references.
• CEvNS represents a background for direct dark matter experiments; the so-called "neutrino floor" due to CEvNS interactions of solar, supernova and atmospheric neutrinos will eventually limit the sensitivity of next-generation WIMP detectors (e.g., [7] ). This represents also a signal opportunity, since solar and supernova neutrinos are also accessible to large recoil-sensitive detectors (e.g., [8] ).
• Because the CEvNS cross section is a clean prediction of the standard model, a deviation would represent new physics. Potential beyond-the-SM physics accessible to CEvNS experiments includes: non-standard interactions of neutrinos, new mediators, and large neutrino magnetic moment (e.g., [9] ). See Fig. 2 . In the context of the standard model, one can measure θ W in a new way. Several recent references explore these possibilities (e.g., [10] and references therein).
• Because the NC interaction is flavor blind, CEvNS is a new tool for sterile oscillation searches (e.g., [11] ).
• CEvNS is important in supernova processes (e.g., [12] ) and also allows detection of supernova burst neutrinos (e.g., [13] )
• Nuclear uncertainties in the CEvNS process prediction are less than 5%, but a measurement with precision better than that can get at neutron form factors [14, 15] , and be a probe of weak interactions in nuclei, with potential relevance to g A quenching.
• The CEvNS cross section is large enough that it potentially has practical applications; reactor monitoring has been proposed (e.g., [16] ). with initial constraints on two of the NSI ε parameters, showing also the constraint from the CHARM experiment [17] . Right: predicted sensitivity obtained with the COHERENT detector materials, with 5% uncertainties on flux and event rates and assuming systematically-limited measurements. The black shows the result from a combined fit.
CEvNS at a Stopped-Pion Source
To measure CEvNS, one needs a neutrino source and a detector sensitive to low-energy recoils. Desirables for the source are high flux, a well-understood spectrum, multiple flavors (good for BSM physics sensitivity, which may be flavor dependent), low background (for which a pulsed source is advantageous), as well as practical things such as ability to get close, good access, etc.
There have been many attempts over the years, and attempts are ongoing (e.g., [18, 19, 20, 21] ) to measure CEvNS at nuclear reactors, where neutrino energies go up about 8 MeV. The CEvNS cross section scales as the square of the neutrino energy; furthermore, the maximum recoil energy also scales as the square of the neutrino energy, T max ∼ 2E 2 ν /M. Therefore, for best observability, one wants as large a neutrino energy as possible, while keeping violation of the coherence condition to a minimum, i.e., while maintaining Q < 1/R. Neutrinos from pion decay at rest, which have energies up to about 50 MeV, represent a sweet spot for CEvNS detection. Pions are produced by ∼GeV protons incident on a target; one gets a prompt monochromatic 29.9-MeV neutrino from the pion decay, followed byν µ and ν e on a 2.2-µs muon decay timescale with a well-understood 3-body-decay spectrum. The Spallation Neutron Source (SNS) at Oak Ridge National Laboratory provides a very high-quality source of stoppedpion neutrinos, with favorable power (∼MW) and beam time-profile properties (background rejection factor of 10 3 − 10 4 -see Fig. 3 ). Furthermore, the ∼1-GeV proton energies are low enough, and the mercury target is large and dense enough, that nearly all pions decay at rest, resulting in a very clean, well-understood neutrino spectrum.
Steady-state backgrounds, such as intrinsic and ambient radioctivity and cosmogenics, can be suppressed strongly (and measured off beam pulse) by the pulsed nature of the source. Neutron backgrounds in time with the beam cannot be suppressed in this way, and so must be carefully characterized and estimated. A "friendly-fire" in-time background results from neutrino-induced neutrons, or NINs, which are neutrons ejected from shielding materials such as lead, for which cross section is relatively high. This background represents an interesting signal in itself, as it can be used for supernova detection [22] .
The COHERENT Experiment and First Light
The COHERENT collaboration [23] aims to measure CEvNS in multiple target materials at the SNS. The COHERENT detectors are sited in a basement hallway known as "Neutrino Alley." The detectors are described in Tab. 1, and their siting is shown in Fig. 4 . The "sanitized" nuclear recoil spectra for these targets (i.e., no "quenching" or efficiencies applied) are in Fig. 5 .
The first measurement by the COHERENT collaboration was made using the 14.57-kg CsI[Na] crystal detector [25] . Data-taking started in summer 2015, and the first result was based on 1.76 × 10 23 protons on target (7.48 GWhr of exposure). The charge and time distributions (residual counts subtracting anticoincidence data) are shown in Fig. 6 , and compared to beam-off samples. The best fit to the data is 134 ± 22 observed events, rejecting no signal at 6.7σ . This result is consistent with the SM prediction of 173 events, with a ∼28% uncertainty. The uncertainty on the prediction is dominated by the uncertainty on the quenching factor (detector response) of CsI[Na]. Flux uncertainty is estimated at 10%, and event-selection and form-factor uncertainties at 5% each.
The interpretation of this result as a limit on NSI interactions is shown in Fig. 2 . Several authors have made further interpretation constraining BSM physics, e.g., [26] .
Status and Future
The immediate future plans for the existing COHERENT detector subsystems are:
• CsI will continue running.
• An NaI[Tl] detector of 185 kg mass was installed in 2016, and is currently taking data in high-threshold mode, sensitive to CC interactions on 127 I. It will be refurbished for lower threshold to enable CEvNS sensitivity.
• A LAr single-phase detector was installed in 2016 and upgraded in May 2017.
• Ge detectors are under refurbishment, for deployment in early 2018. This plot represents interaction rates for the first 6000 µs after each beam pulse, including all flavors and assuming 100% detection efficiency. Note this does not take into account quenching factors, which are different for different detectors, or other detector-specific efficiencies. The kinks are due to different endpoints of prompt and delayed flavor components for different target isotope components. The contribution from 23 Na to NaI is shown separately, as the small quenching factor for 127 I in NaI [24] is likely to strongly suppress the 127 I contribution to the observed rate. The materials are assumed to have natural abundances of isotopes.
COHERENT deploys additional detectors for ancillary measurements (the "in-COHERENT" detectors). Past detectors used to evaluate neutron backgrounda are SciBath [27] and a two-plane neutron scatter camera [28] ; two detectors (the "neutrino cubes") are deployed to measure NINs in Fe and Pb. The MARS detector [29] is currently measuring neutron backgrounds. In addition to upgrades (additional mass) of NaI, LAr, and Ge, future possibilities include additional measurements of CC and inelastic NC events, a "mini-HALO" detector, and a D 2 O detector to reduce flux uncertainty using the well-known ν − d cross section. Ancillary measurements of quenching factors to reduce uncertainties will also be performed.
Summary
CEvNS, with an expected large, N 2 -dependent cross section, has been difficult to observe due to the tiny deposited energies of the nuclear recoils. The interaction is accessible with lowenergy threshold recoil detectors coupled with the "sweet spot" energies of stopped-pion neutrinos, accessible at the SNS. COHERENT has made the first measurement, and has harvested some of the lowest-hanging fruit of NSI interaction constraints. More is to come, with upgrades of existing detectors, more targets, and new ideas. Beam ON e prompt n Energy Physics. The COHERENT collaboration is supported by multiple sources; see [1] .
